The corrosion resistance of β-SiAlON based advanced ceramic materials in molten aluminum, equimolar NaCl-KCl melt and also in the melted mixture of NaF and AlF3 (molar ratio 1 : 1.163) were investigated. Two kinds of β-SiAlONs were tested; β-SiAlON prepared from powder precursors produced by carbothermal reduction and nitridation (CRN) of pyrophyllite and β-SiAlON made from commercial powders (AlN, Al2O3 and Si3N4). Corrosion tests were realized at 760°C for 7, 36 and 72 h under nitrogen atmosphere by dip-finger test method. All types of β-SiAlONs have great corrosion resistance against molten aluminum and NaCl-KCl melt at these conditions. The results of corrosion test were different for the β-SiAlONs in molten fluorides. While the corroded zone was only about 100 μ m deep after 72 h corrosion test in reference β-SiAlON prepared from synthetic powders (SiAlON-R), in sample prepared from CRN pyrophyllite (SiAlON-P) it was almost 230 μ m thick. Additionally, the oxidation resistance of β-SiAlONs was tested. The results showed that both SiAlON-P and reference SiAlON-R have comparable good oxidation resistance.
Introduction
The application of advanced ceramics increases also in the metallurgical industry and consequently the knowledge of their corrosion behavior is essential. 1) β-SiAlON ceramics with general formula Si6-zAlzOzN8-z, where 0 < z < 4.2, are frequently used materials in the industry owing to their good mechanical properties, corrosion resistance and reasonable price. The use of β-SiAlONs in foundries significantly increased in recent years.
SiAlONs are resistant to attack by several molten metals, what can be utilized also in aluminum foundry for enhancement of durability and for reducing the contamination of the aluminum melt and its alloys.
The corrosion performance of Si3N4 in molten aluminum was studied by Schwabe et al.
2) Formation of protective AlN or AlNpolytype layer was observed at the interface between dense Si3N4 and aluminum metal, which improved the corrosion resistance of studied Si3N4 materials. However, it was also shown that open porosity degrades the corrosion resistance of Si3N4 ceramics.
Mouradoff et al. investigated the evolution of contact angle of molten aluminum on two types of silicon nitride as a function of time and temperature.
3),4) They confirmed the formation of inert AlN film on the surface of silicon nitride at temperatures above 1000°C. High corrosion resistance of Si3N4-based materials against liquid aluminum was reported also by Oliveira et al. 5 ) and Santos. 6) Dower and Coley studied the corrosion of low z β-SiAlON by molten aluminum-lithium alloy and NaF-NaCl flux. 7) Their results showed that SiAlON ceramics are strongly attacked by the fluoride flux along the grain boundaries and β-SiAlON grains are subsequently dissolved and oxidized by the formed Si-LiAl-Na-O-F melt. Corrosion in the Al-Li metal zone was much less than in the flux and gas zones. The results are in agreement with previous studies in terms of the resistance of SiAlON to the attack by aluminum. However, formation of protective AlN layer at the interface was not observed.
The good performance of β-SiAlONs in foundry requires their cost effective high-scale production. β-SiAlON ceramics are usually prepared by reactive sintering of appropriate mixtures of Si3N4, Al2O3 and AlN powders. Because the nitride powders are relatively expensive, many attempts have been made to convert natural aluminosilicates to β-SiAlONs by carbothermal reduction and nitridation (CRN). 8)-14) Aluminosilicate-derived SiAlONs are considered as a low cost alternative to those available on the market. These β-SiAlONs are frequently used in metallurgy, especially in aluminum foundry, e.g. by Kyocera Corp., Hitachi Metals Ltd., Kubota Corp., etc. However, there is still a lack of data on the corrosion resistance of β-SiAlONs depending on the used aluminosilicate precursor used for their production.
From that reason in this work two types of β-SiAlONs were prepared: first one sintered from precursor made by carbothermal nitridation of pyrophyllite, the second one was prepared as reference material from commercial powders of Si3N4, Al2O3 and AlN. Their corrosion resistance against molten aluminum and relative fluoride and chloride fluxes used in the aluminum metallurgy has been studied.
Primary aim of this study is to determine the extent of corrosion of aluminosilicate derived β-SiAlONs in molten aluminum, equimolar mixture of NaCl and KCl melt and also in the melted mixture of NaF and AlF3. Because the β-SiAlON products used in metallurgy are working in hot oxidizing environments before
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coming into contact with molten media, also their oxidation resistance is an important factor influencing the extent of their application. From that reason the oxidation of β-SiAlONs prepared in this work was studied in both isothermal and nonisothermal conditions.
Experimental procedure
Two types of β-SiAlON ceramic materials were prepared from two different starting powders. Mixture labeled as P in Table 1 was made from oxynitride precursors produced by carbothermal reduction and nitridation of pyrophyllite (grade P-I, Envigeo Ltd., Slovakia) with appropriate amount of carbon black (Stickstoffwerk Piesteritz, Germany), β-Si3N4 (Tschernogolovka, Russia) and α-Al2O3 (Martoxide PS-6, Martinswerk, Germany).
The chemical composition of pyrophyllite is given in the Table 2 . The major and not negligible impurities are Fe2O3, TiO2 and CaO. The pyrophyllite-based starting powder was attritormilled for 0.5 h in isopropanol, dried and sieved through 70 μ m screen.
The reference β-SiAlON samples labeled as SiAlON-R were prepared from mixture R (Table 1) consisting of commercial powders: AlN (grade C, H.C. Starck, Germany), above mentioned α-Al2O3, and α-Si3N4 (Siconide-P, Permascand
Ceramic, Sweden). The starting compositions of both powder mixtures (Table 1) were adjusted to obtain β-SiAlON with z = 4
in Si6-zAlzOzN8-z after sintering. The homogenized pyrophyllite-based powder mixture P was poured into graphite reactor, which was inserted into rotary furnace. Nitrogen gas was introduced at 600°C through a diffuser into the reactor. The nitrogen flow (100 cm 3 /min) was controlled by means of calibrated flow-meter. The final temperature of CRN was 1510°C with 8 h dwell for pyrophyllite batches.
14) The phase composition and morphology of CRN products were analyzed by XRD (STOE STADI-P, CoKα1, Germany) and SEM (Zeiss EVO40, Germany) methods. The major phase was β-SiAlON.
During the CRN process the impurities like Fe2O3 were transformed to FexSiy, TiO2 was reduced and nitrided to TiN, and CaO was dissolved in the silicate based glassy phase.
14)
The powder products of CRN were pressed into pellets in a steel die at 100 MPa. The compacted samples were hot-pressed in a graphite die at 1750°C for 2 h in 0.1 MPa of nitrogen and mechanical load of 30 MPa (samples SiAlON-P). Reference mixture R was also hot-pressed under the same conditions for comparison (samples SiAlON-R). XRD and SEM methods were used to analyze the samples after high temperature treatment.
The final z-value was 3.7 for both types of β-SiAlONs. The XRD patterns of dense SiAlON-P and R samples (Fig. 1) show β-SiAlON as the major phase in both cases. The presence of minor phases Al2O3, SiC, FexSiy and TiN was observed in pyrophyllite derived SiAlON-P.
The dense bars of both SiAlON-P and SiAlON-R samples were investigated by static corrosion test method (Fig. 2) . Samples were placed into alsint crucibles and dusted with aluminum powder (Hichem Comp. Ltd., Czech Republic). Equimolar mixture of NaCl and KCl was placed on the top of the batch. Other three cuboids were placed into special crucible with a mixture of NaF and AlF3 (molar ratio 1:1.163 corresponding to the second eutectics of binary NaF-AlF3 phase diagram). 15) Crucibles were inserted into a vertical resistance furnace and annealed at 760°C for 7, 36 and 72 h in N2 atmosphere. The polished cross-sections of heat-treated samples were analyzed by SEM (Zeiss EVO 40) equipped with EDX analyzer (Bruker AXS, Quantax 400 with silicon drift detector).
The isothermal oxidation tests of SiAlON-P and SiAlON-R samples were carried out at 800°C, 1000°C, 1200°C and 1400°C for 20 h with heating rate 30°C/min. In the case of the non isothermal oxidation the furnace was heated to maximum temperature 1450°C with the fixed heating rate 2°C/min and air flow 30 ml/min. The weight gain was continuously recorded with a thermogravimetric apparatus (STA 449 C Jupiter®-Simultaneous TG-DSC, NETZSCH Gerätebau GmbH, Germany). The static long-term oxidation tests were carried out also for 100 h at temperatures 1000°C, 1200°C and 1400°C in air. After oxidation the specimen's weight changes were evaluated. Bending strength of 
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SiAlONs (P and R) was measured after long-term oxidation at 1000°C by 4-point bending test at room temperature. The strength of sample SiAlON-P was tested also after treatment at 25°C, 1200°C and 1400°C. The surface and cross-section of ceramics of oxidized ceramics were investigated by SEM-EDX method.
Results and discussion
3.1 Interactions between β-SiAlON and NaCl-KCl flux Both types of the prepared β-SiAlON materials did not exhibit any signs of corrosion after testing at 760°C for 7, 36 and 72 h in NaCl-KCl flux, as it is shown in Fig. 3 . The interface between ceramics and flux, part of which was solved out during cutting and polishing in water solutions, is continuous and clear without any visible damage of the surface or change of microstructure of ceramics. This observation was confirmed by EDX analysis.
Although the surface of β-SiAlON has been wetted by molten fluxes of chlorides, no interaction was observed. The high corrosion resistance of aluminosilicate-based β-SiAlONs in the melt of chlorides is consistent with the data reported by Takeuchi et al. 16) for silicon nitride immersed in NaCl-KCl molten salt at similar temperatures, but under Cl2-O2 atmosphere for 480 h.
Interactions between β-SiAlON and molten aluminum
Negligible or no-wetting of both types of prepared β-SiAlONs by molten aluminum was observed at 760°C in N2 atmosphere. Owing to the low wetting of SiAlON by molten aluminum, the flux of chlorides penetrated during rotary tests to the certain depth between the β-SiAlON test-bars and metal, as it is schematically illustrated in Fig. 4 . In order to avoid any misinterpretation of corrosion results, the polished cross-sections for EDX analysis were prepared from the zone, which was not affected by the presence of chlorides. There is no evidence of the corrosion of the surface of both tested SiAlON-R and SiAlON-P materials by molten aluminum even after 72 h treatment at 760°C, as it is shown in Fig. 5 . Line scans of aluminum, silicon, oxygen and nitrogen taken from the SiAlON-aluminum interface confirmed this observation (Fig. 5) . The formation of protective AlN layer on β-SiAlON surface was not observed at the conditions of experiment. Contrary to pure Si3N4, where AlN or AlN-polytype layer forms on the interface between dense Si3N4 and molten aluminum, β-SiAlON suppresses this reaction. This is related to the high value of z-parameter in both pyrophyllite-derived and reference β-SiAlONs (z = 3.7). High z-value implies the high level of aluminum substitution in β-SiAlONs resulting in low driving force for the reaction between molten aluminum and β-SiAlON.
Interactions between β-SiAlON and NaF-AlF3 flux
The thickness of corrosion layer of tested β-SiAlONs in molten fluorides is rather different. The pyrophyllite-derived SiAlON-P has more than two times thicker corroded zone compared to reference SiAlON-R after 7, 36 and 72 h at 760°C. Similar behavior of these materials was observed after corrosion tests in molten steel. 17) Fluoride melt penetrated the pyrophyllite-derived SiAlON-P through grain boundaries to the depth of 25 μ m after 7 h treatment. Thickness of the attacked zone in the reference SiAlON-R is only about 10 μ m. The polished cross section of the corroded zone of samples is similar to the microstructure of liquid phase sintered ceramics after chemical etching. SiAlON matrix grains with etched out grain boundaries are clearly visible in Fig. 6 . These results indicate that the oxygen-rich grain boundaries are attacked first by the fluoride melt. The observation is consistent with the results of Jorge et al., 18) who showed that silicon oxynitride Si2N2O and alumina have lower resistance to cryolite bath compared with that of silicon nitride. Dower et al. 7) also observed that the silica-based grain boundaries are attacked first by the fluoride during the corrosion tests of SiAlONs in NaF-NaCl system. Afterwards, the fluorides are penetrating deeper into the ceramics.
The thickness of corroded zone increased to about 80 μ m in The corroded zone of SiAlON-P in fluoride melt is 230 μ m thick after 72 h of the treatment (Fig. 7(a) ). The top 130 μ m thick layer (zone 1) is almost disrupted. Dominant phase in this region is the fluoride flux (points 1, 4 and 5 in Fig. 7(a) ), in which Al2O3 grains can be observed (point 3 in Fig. 7(a) ) and some remaining β-SiAlON grains. Except corrosion, large pores were found in this layer formed by gaseous SiF4 and N2 reaction products.
Zone 2 consists of β-SiAlON (point 6 in Fig. 7(a) ) and grain boundaries corroded by fluorides. Undamaged β-SiAlON without the presence of fluorides is in the depth of 230 μ m from the original interface. The corrosion layer in the reference SiAlON-R is only 100 μ m deep, Fig. 7(b) and similarly to the SiAlON-P it can be divided into two different zones having comparable composition to the previous case. However, there is a difference in the thickness of corrosion zones. The depth of the first region with Al2O3 and SiAlON grains embedded in NaF-AlF3 matrix is 30 μ m (zone 1 in the Fig. 7(b) ). The thickness of the zone 2 is around 70 μ m and contains β-SiAlON grains without grain boundary phase, which was etched out by the fluorides. From these observations it can be concluded that the corrosion mechanisms in pyrophyllite-derived SiAlON-P and reference SiAlON-R is similar. However, the kinetics of the corrosion is different, which is twice higher for the SiAlON-P owing to the presence of different impurities introduced by the starting pyrophyllite powder. The backscattered SEM image of the hot pressed SiAlON-P sample (Fig. 8) prior to the corrosion test shows white grains in the whole bulk of ceramics. EDX analysis of these grains confirmed the presence of iron and silicon (point 2 in the Fig. 8 ) or titanium with higher amount of nitrogen (point 3 in the Fig. 8 ). FexSiy and TiN were formed during the reduction and nitridation of pyrophyllite from the impurities of Fe2O3 and TiO2. 14) All these impurities decrease the resistance of SiAlON against fluorides. Moreover, SiAlON-P contained some unreacted alumina. 14),17) These remaining Al2O3 grains can be dissolved in the fluoride melt, because the solubility of Al2O3 in Na3AlF6-AlF3 eutectic system at 684°C is 3.2 mass%.
19) The dissolved alumina grains can facilitate the penetration of the fluorides into the ceramic bulk. In the final step β-SiAlON grains are decomposed in fluoride environment to Al2O3 grains and to other corrosion products like gaseous SiF4 and N2. The in situ formed alumina can further dissolve in fluoride melt up to its solubility limit.
Oxidation resistance of β-SiAlONs (P and R samples)
Because the parts of ceramic tools used in aluminum industry are exposed to high temperatures in oxidizing atmosphere, the oxidation resistance of β-SiAlONs was also investigated. The isothermal thermogravimetry tests lasting for 20 h did not show any weight change up to 1200°C in both tested SiAlON-P and SiAlON-R materials. Slight increase of the weight of oxidized samples was observed at 1400°C, as it is shown in Fig. 8 . The normalized thermogravimetric curves of both β-SiAlONs show (Fig. 8 ) that the weight gain followed the parabolic law reported also in the literature.
20)-22)
On the other hand, the non-isothermal oxidation test showed a rapid increase of oxidation rate above 1200°C, Fig. 9 . This threshold of abrupt oxidation increase is about 150°C higher compared to the literature data obtained for β-SiAlON with 12) The abrupt oxidation at 1200°C was confirmed also by long term static tests, when SiAlON-P and SiAlON-R samples were oxidized at different temperatures for 100 h (Fig. 10) . The sample weight gain normalized to the surface (Δm/S) is substantially changed at temperatures above 1200°C.
The parabolic character of the oxidation curve at the isothermal test (Fig. 8) indicates the formation of superficial oxidized layer, which protects the ceramics against further oxidation. SEM/EDX investigation of the surface after 20 h showed the formation of mullite crystals at 1400°C and the presence of aluminosilicate glassy phase from 1200°C. EDX analysis of the corroded layer after 100 h oxidation at 1400°C confirms the formation of mullite on the surface, Fig. 11 . The thickness of the oxidized layer was around 30 μ m at this temperature, while almost no corrosion layer was found after oxidation bellow 1000°C. Bending strength of corroded samples corresponds to this observation, Fig. 12 . The strength of SiAlON-P sample decreased after oxidation at 1000°C for 100 h by ~18%, however the majority of fracture origins were in the bulk of the tested bars. Substantially higher strength decrease of about 55% was observed for the sample oxidized at 1400°C for 100 h. The fracture origin was located in the oxidized surface layer of this sample in all tested bars.
Conclusions
Both tested β-SiAlON based ceramics, SiAlON-P prepared from pyrophyllite by carbothermal reduction and nitridation (CRN) process and the second reference SiAlON-R prepared from commercial powders exhibit good corrosion resistance against molten chloride salt (NaCl-KCl) and liquid aluminum.
No evidence of interaction between β-SiAlONs and chloride or aluminum melt was observed at 760°C after 72 h treatment. In terms of application of β-SiAlON made from precursors prepared by CRN of raw aluminosilicates (e.g. pyrophyllite), their good corrosion resistance in such environments is expected.
In the case of tests in NaF-AlF3-based fluoride melt, the reference β-SiAlON-R showed better corrosion resistance compared to hydrosilicate derived SiAlON-P. The corroded zone of SiAlON-P sample is more then two times deeper compared to the reference SiAlON-R, owing to the presence of different impurities from the raw hydrosilicate. The average thickness of corrosion zone after 72 h at 760°C is 230 μ m in SiAlON-P and 100 μ m in SiAlON-R, respectively. However, the main corrosion mechanism is the same. Grain boundary phase is attacked first by the fluorides, subsequently the β-SiAlON grains react with Hydrosilicate-derived β-SiAlONs could be good and cheaper candidates for application in aluminum industry, especially in processes, where direct contact with cryolite melt is avoided.
According to the obtained results β-SiAlONs can be also used during next processing steps, i.e. in foundry during casting and manipulation with molten aluminum.
